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Abstract

The changes in the structure, such as molecular weight, crosslinking density, and gel content, could influence the stability and
the processing performance of natural rubber (NR) during storage. Previous works showed that temperature and humidity
influence storage performances. Here, we found different coagulation methods could also affect storage behaviors of natural
rubber, since coagulation methods could affect the content of non-rubber components. In this article, natural rubber latex was
coagulated by three different coagulation methods. Under storage conditions, the content of some non-rubber components,
namely the gel content, Mooney viscosity, Wallace initial plasticity (Py), plasticity retention index (PRI), molecular weight,
tensile strength, and crosslinking density of natural rubber were compared and analyzed. The results showed that properties
(PRI, Mooney viscosity, and green strength) of NR were higher than that of NR-Salt and NR-Acid after storage; at the same
time, PRI, Mooney viscosity, and green strength of NR-Salt were higher than that of NR-Acid after storage. Mooney viscos-
ity and green strength of NR-Salt and NR-Acid showed a tendency for increase in the begin and then decrease. According
to the changes before and after storage, we can choose suitable coagulation methods and rubber based on what we need.
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Introduction

Natural rubber (NR) is a renewable resource obtained from
the Hevea brasiliensis trees. NR consists of not only long-
chain branched cis-1,4-polyisoprene but also non-rubber
components, such as proteins, lipids, and carbohydrates [1].
The excellent performances of NR, such as high elastic-
ity, high tensile strength, high tear strength, and so on [2,
3], make it widely used in aerospace navigation, automo-
tive, aircraft tires, and damping materials [4-6]. These are
outstanding properties of NR because of its unique strain-
induced crystallization capacity [7-11]. Coagulation of NR
latex is important to obtain rubber products with excellent
properties. The coagulation methods of natural rubber latex
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mainly include natural coagulation, microbial coagulation,
acid coagulation, and mineral salt coagulation. Different
coagulation modes affect the properties of NR [12].Con-
trasting different coagulation methods during storage could
help us choose the suitable coagulation method according
to our needs.

Storage hardening deteriorates processability for samples
and increases processing energy. During the storage pro-
cess, end functional groups, which are mainly a-terminal
groups, gather in the rubber matrix through hydrogen bonds,
microencapsulation, and ionic bonds [13]. They can also
form branched structures and network structures, and then
the storage hardening appears [14, 15]. Temperature and
humidity can influence storage performances of NR. Tem-
perature promotes the chemical interaction of crosslinking
or decomposition of molecular chains in air, which makes
rubber products sticky and strength decrease. Humidity also
have a crucial role in storage hardening of NR, which is able
to affect storage hardening and produce mold. Recently, we
found that coagulation can also influence storage properties
of NR. Different coagulation methods can affect composition
and structure of NR, and the composition and structure can
influence properties of NR [16].
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The changes in structure and components are able to
affect storage hardening properties of samples [17]. Chen
et al. [14] researched the comparison on properties of acid
and microorganisms coagulated natural rubber during stor-
age by analyzing the molecular weight, gel content, Mooney
viscosity, Wallace initial plasticity (P), and the plasticity
retention index (PRI) of NR in different storage time. Liang
et al. [18] analyzed molecular structures, dynamic mechani-
cal properties, glass transition temperatures, and crosslinked
network structures. NR latex was coagulated by microorgan-
ism and acetic acid, respectively. Wang et al. [19] tested the
strain sweep, frequency sweep, and stress relaxation of raw
natural rubber coagulated by microorganisms and acid with
the use of a rubber process analyzer (RPA). On one hand,
there are few researches about the comparison on proper-
ties of natural, acid, and mineral salt coagulated NR during
storage. On the other hand, many researches focused on the
comparison of properties macroscopically, but the mecha-
nisms on how variations of substances and microstructures
affect the properties in detail are still not very clear.

In this work, we produced samples of natural, acid, and
mineral salt coagulated NR, and compared their properties
on storage. We also studied the factors which affected their
properties of natural, acid, and mineral salt coagulated NR
during storage. From this work, a clearer understanding on
the storage and the processing of NR is provided.

Experimental
Materials

Fresh natural rubber (NR) latex with 45% dry rubber content
was commercially supplied by China Hainan Rubber Indus-
try Group Co., Ltd. (Haikou, China). Sodium dodecyl sul-
fate (SDS), calcium chloride (CaCl,), and acetic acid were
purchased from Aladdin (Shanghai, China).

Preparation of samples

(a) Natural coagulated NR (NR). About 1500 mL of fresh
NR latex was coagulated via forming the film at room tem-
perature environment. The fresh NR latex was poured into a
stainless steel plate and left to dry naturally to form film in
the open air of the lab. The natural coagulated film is about
2 mm thick. (b) Acid coagulated NR (NR-Acid). About
1500 mL of fresh NR latex was coagulated by adding 300
mL 3% acetic acid. The coagulum was pressed into a crepe
by crimping machine into about 2 mm thick, then pressure
crepe pieces were soaked and rinsed overnight in running
water, and dried in an oven at 50°C for 6 h, 12 h, 24 h, 36
h, and 48 h, respectively. (c) Mineral salt coagulated NR
(NR-Salt). About 1500 mL of fresh NR latex was coagulated
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by adding 200 mL 0.2% CaCl, and 40 mL 0.05% SDS. The
coagulum was pressed into a crepe by crimping machine into
about 2 mm thick. The pressed crepe pieces were soaked and
rinsed overnight in running water, and dried in an oven at
50°C for 6 h, 12 h, 24 h, 36 h, and 48 h, respectively.

Storage experiment

NR, NR-Acid, and NR-Salt samples were put into the
programmable constant temperature and humidity testing
machine (GT-7005-A2S, Goodtechwill testing instrument
company, Qingdao, China) to do accelerated storage experi-
ment. The temperature was 60 °C and the humidity was 30%
in the temperature and humidity chamber. Storage times
were O h, 6 h, 12 h, 24 h, 36 h, and 48 h, respectively. The
weight of every type sample with every time point was 170
g when doing accelerated storage experiment.

Characterizations

Wallace initial plasticity (P,) and the plasticity
retention index (PRI)

P, and PRI were determined according to ISO 2007-1991
and ISO 2930-1995, respectively. The samples were plasti-
cated by roll, and were cut into small discs of 3.2 ~ 3.6 mm.
Wallace plastic meter and aging box were used to determine
P, and PRI of samples using the following equation:

_ P
PRI = [ —= x 100% (1)
PO

Py, is the plasticity value of samples aged at 140 °C for 30
min.

Crosslinking density

The crosslinking density analysis was carried out by nuclear
magnetic resonance (VITMR20-010V-T, Shanghai Niumag
Co., Ltd., Shanghai, China). The determining temperature
was 100 °C and the unvulcanized samples were calculated
using XLD-2 model. A sample of appropriate size was
placed into a glass tube, stabilized in a magnetic field for a
period of time, then tested for its crosslinking density.

Protein content

Measurement of the nitrogen content of NR were per-
formed using a Kjeldahl Auto Analyzer. Protein content was
obtained from nitrogen content.
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Ester group content

The content of ester group of natural rubber was deter-
mined by the intensity ratio of carbonyl group at1739 cm™!
(C=0) and unsaturated carbon absorbance at 1664 cm™!
(C=C) through FTIR (Spectrum One, PerkinElmer Instru-
ment Co., Ltd., Waltham, MA, USA).

Mooney viscosity

After roll molding, 5 cm round pieces of rubber were cut,
and Mooney viscosity was determined according to ISO
289-1-1994 by Mooney viscometer. The temperature of
testing was 100 °C. The rubber sample was preheated at
100 °C for 1 min, followed by a shear for 4 min to measure
the Mooney viscosity.

Molecular weight

The molecular weight of the NR samples was determined
by gel-permeation chromatography (Waters 1515 GPC,
Waters, USA) with three columns in series and equipped
with a differential refractive index detector. Tetrahydro-
furan (THF, HPLC grade) was used as an eluent with a
flow rate of 1.0 mL/min at 30 °C. The rubber samples were
dissolved in THF at a concentration of 0.05% (w/v) in
THEF and filtered through a prefilter and 0.22 pm membrane
filter.

Gel content

The gel content of the samples was determined by the
swelling method. About 0.1 g (m;) of the rubber sam-
ples were weighed and cut into pieces, and placed into
glass bottles of 50 mL capacity. 30 mL of toluene was
poured into the glass bottles and sealed before placing
them at room temperature for 72 h to completely dissolve
uncrosslinked sections of samples. The resulting samples
were centrifuged at 17000 r/min for two hours, and the
supernatant was extracted and mixed with 20 mL acetone
to separate the gel. After drying the gel, the dried mass
(m,) was measured. The gel content was calculated using
Eq. 2:

m,

Gel content = < > x 100% 2)

my

Mechanical property

Mechanical property was performed on dumbbell-shaped
samples (75 mm X 4mm X 2 mm) with a length of 20 mm

using a Gotech AI-3000 instrument at room temperature
according to ISO 37-2005. For uniaxial tensile tests, the
extension rate was 500 mm/min. Five specimens were
measured for each sample, and the average value and
standard deviation were calculated.

Ash and metal ions contents

About 5 g (m,) rubber sample was weighed and placed in the
crucible (m,). The sample was burned in a muffle furnace
at 600 °C until the constant weight was reached. After cool-
ing, the weight of ash and crucible (m;) was measured. The
ash was dissolved by concentrated nitric acid in the crucible
and then poured in a 25 mL volumetric flask before adding
distilled water. The metal ions content data was collected by
an Atomic Absorption Spectrometer (TAS-990 Super AFG,
Beijing Purkinje General Instrument Co., Ltd., Beijing,
China) in combination with flame method.

my +my —msy

Ashcontent = < ) x 100% 3)

m

Results and discussions
Non-rubber components content of NR

NR latex contains a large number of non-rubber constitu-
ents, such as proteins, lipids, carbohydrates, metal ions, and
so on. These non-rubber components are presumed to have
some roles in controlling the structural change of rubber
molecules in latex during storage [20]. Table 1 and Table 2
show the comparison of some main non-components of NR,
NR-Acid, and NR-Salt. From the tables, we know that the
protein content of NR, NR-Salt, and NR-Acid are 3.11%,
1.97%, and 1.77%, respectively. The protein content of NR is
highest and the protein content of NR-acid is the least among
the samples. At the same time, the ester group content [21]
of NR, NR-Salt, and NR-Acid are 233.31 mmol/kg, 91.57
mmol/kg, and 73.69 mmol/kg, respectively. The ester group
content reflects the phosphorus content, therefore, we can
conclude that the phosphorus content of NR is maximum

Table 1 Protein content (%) and ester group content (mmol/kg) of
NR, NR-Salt, and NR-Acid

Protein content (%) Ester group

content(mmol/
kg)
NR 3.11 233.31
NR-Salt 1.97 91.57
NR-Acid 1.77 73.69
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Table 2 Metal ions content o o o o o o
(mg/kg) of NR,NR-Salt, and Ca Mg Cu Zn Mn Fe
NR-Acid NR 38.71 166.22 538 10.54 1.98 15.44
NR-Salt 657.42 80.15 2.60 227 1.49 10.16
NR-Acid 14.84 62.67 233 1.66 0.82 8.81

and the phosphorus content of NR-Acid is the least among
three. From the metal ions content in Table 2, the differ-
ent kinds of metal ions contents of NR, NR-Acid, and NR-
Salt showed a similar tendency, except for the calcium ions
(Ca**) content. As we used calcium chloride (CaCl,) solu-
tion to coagulate NR, the calcium ions (Ca®*) content of
NR-Salt was the highest.

As we all know, when coagulating NR latex, samples
of natural coagulation method need not to be soaked and
rinsed, so proteins, lipids, and some metal ions are retained.
However, samples of NR-Acid and NR-Salt methods need to
be creeped, soaked and washed, resulting in the loss of some
non-rubber components, especially proteins and phospho-
rus. The higher protein and phosphorus content in NR-Salt
compared to NR-Acid was due to ionic complex formation
between the metal ions and the non-rubber components.

Influence of storage on gel content, crosslinking
density, and molecular weight of NR

According to previous researches, the o-terminal group and
the a-terminal group of Hevea rubber connected with protein
and phospholipid, respectively, and these terminal groups
could form supermolecular structure, such as branched
structure and gel structure [22—-24]. Generally, Hevea rub-
ber molecules have 2-4 branched points which form starlike
molecular structure. If these Hevea rubber molecules with
branched points connected with each other, a spatial network
structure will result in formation of a gel. To some extent,
the gel content can reflect the crosslinking density. Previ-
ous research showed that the formation of gel points and

branched points may depend on hydrogen bonds and ionic
bonds[25].

Figure la shows the comparison of gel content of NR,
NR-Acid, and NR-Salt. It is observed that the values of gel
content of three coagulation methods increased during stor-
age. This is attributed to storage hardening. To be specific,
groups of rubber molecules can be involved by physical and
chemical reactions during storage, forming intermolecu-
lar or intramolecular crosslinking, resulting in spatial net-
work structures in Hevea rubber [26, 27]. The gel content
values of NR-Salt were the highest, whereas the gel con-
tents of NR-Acid were the lowest, and they were reflected
in their crosslinking density values. The reasons for this
phenomenon are as follows: non-rubber components can
act as branched points and crosslinking points with metal
ions. Even though the nitrogen content, phosphorus con-
tent, acetone extract, and water-soluble substances of NR
are higher than that of NR-Acid and NR-Salt, but calcium
jons (Ca®") of NR-Salt are still much more than other two.
Furthermore, calcium ions (Ca2+) can also act as branched
points and crosslinking points, resulting in the gel content
of NR-Salt to be the highest.

Figure 2 shows the molecular weights of NR, NR-Acid,
and NR-Salt. The molecular weight of NR was observed
to increase, going from 5.10 X 10° to 8.00 x 10° Da. This
is mainly because of molecular chains crosslink formation
with other molecular chains, making the molecular weight
larger[28]. The molecular weights of NR-Acid and NR-Salt
both show a tendency to increase from 0 to 36 h before
decreasing from 36 to 48 h. The molecular weight of NR-
Salt was observed to increase from 2.95 x 10° to 6.45 x 10°
Da, then decreasing to 6.02 X 103 Da. The molecular weight

Fig.1 Variation of a gel content 18 & 1.6
and b crosslinking density of (@) E (b)
NR, NR-Acid, and NR-Salt 16t NR-Salt E 15k NR-Salt
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g z
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o i 2 L
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Fig.2 The molecular weights of NR, NR-Acid, and NR-Salt during
storage

of NR-Acid was observed to increase from 2.75 X 10° to
3.97 x 10° Da, then decreased to 3.52 x 10°> Da. That is
because proteins, lipids, metal ions, and some other non-
rubber components can help to form gel and some other
supermolecule structures which make the molecular weight
higher, but the molecular weight of NR-Salt and NR-Acid
decrease in the end because of aging.

Influence of storage on the properties of NR

The P, is the index of plasticity of rubber. As the smelt-
ing power consumption of low plasticity rubber increases,
operation time is prolonged. The P, of NR is determined
by the bulk viscosity of the material. The higher molecular
weight, the higher the viscosity. From Fig. 3a, we can see
that P, of NR, NR-Acid, and NR-Salt increase as the stor-
age time increases, which reveals that the viscosity and the
molecular weight increase. This is because of the effects
of cross-linking between molecules. The w-terminal groups
of NR can interact with proteins through intermolecular

hydrogen or ionic bonds [29-32] and the a-terminal groups
form fulcrum through the micelle or the polar end of the
lipids molecular, which increase the molecular weight of
NR [25, 33, 34].

The PRI is an indicator of oxidation resistance and high
temperature resistance of raw rubber. Figure 3b shows the
relationship between PRI and storage time. The PRI of NR,
NR-Acid, and NR-salt decreased with increasing storage
time. The PRI of NR shows the highest result, followed by
NR-Salt and NR-Acid. Different coagulation methods affect
the content of non-rubber components. By comparing nitro-
gen and phosphorus content, we know that non-rubber com-
ponents containing proteins and lipids can affect the aging
of NR.

The Mooney viscosity reflects the processing properties
of rubber, and reflected by the molecular weight (wide and
narrow distribution range). Rubber with high Mooney vis-
cosity is not easily mixed evenly and extruded, if its molecu-
lar weight is high with a wide distribution range. On the
other hand, the resulting plasticity is low. However, if the
Mooney viscosity is too low, the physical and mechanical
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= ./
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Fig.4 The Mooney viscosity of NR, NR-Acid, and NR-Salt during
storage
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properties of vulcanized products are poor. From the Fig. 4,
we can see that with the extension of storage time, the
Mooney viscosity of NR shows an increasing trend. The
Mooney viscosity of NR goes from 76 to 83 with storage
time from O to 48 h with a rate increase of 9.21%. The main
factor is that the molecular chains are chemically crosslinked
to form a new molecular crosslinking network, such as the
aldol condensation of crosslinking which occurs in the
aldehyde groups of different NR molecular chains, and the
fluidity of the molecular chains become worse so that the
Mooney viscosity increases. From 0 to 36 h, the Mooney
viscosity of NR-Salt increased, and it reduced slightly after
36 h. From O to 24 h, the Mooney viscosity of NR-Acid
increased, and it is decreased slightly after 36 h. Hardening
occurs when NR is stored, causing the increase in Mooney
viscosity, but on prolonged storage NR molecular structure
will rupture. Therefore, the proteins and lipids are able to
improve the degree of storage hardening.

Stress-strain curves of natural, acid, and mineral salt
coagulated NR during storage with O h, 6 h, 12 h, 24 h, 36
h, and 48 h are shown in Fig. 5. With increasing storage
time, the green strength of NR exhibits an increasing trend,
as shown in Fig. 5a, whereas for NR-Acid and NR-Salt,
their trends are similar whereby from O h to 24 h, the green
strength increased but decreased from 24 h to 48 h, as shown
in Fig. 5b and c. Comparing these three figures, we can see
that NR shows higher green strength than NR-Acid and

NR-Salt at the same storage time, with the green strength of
NR-Salt being higher than NR-Acid in Fig. 5d. As a whole,
the green strength increases because of the storage hardening
which induces the crosslinking of molecular chains in the
beginning, then decreases because of breaks of molecular
chains by aging with the presence of temperature, oxygen,
and metal ions. As for each corresponding point in time,
the green strength of NR was higher than that of NR-Salt
because protein content, lipids content and the content
of Mg, Cu**, Zn>*, Mn?*, and Fe?* of NR were higher,
although the content of Ca** of NR-Salt was much more, we
can easily note that proteins and lipids show a more impor-
tant effect on the structure network than metal ions.

Conclusions

In summary, as storage time prolongs, the gel content and P,
increase, whereas PRI decreases. The molecular weight and
Mooney viscosity of NR-Acid and NR-Salt show the similar
tendency for increasing from O to 36 h, and decreasing from
36 to 48 h, but NR generally increases from 0 to 48 h. As for
stress-strain curves, green strength of NR increased from 0
to 48 h, whereas the green strength of NR-Acid and NR-Salt
increased from 0 to 24 h, before decreasing from 24 to 48
h. Not only temperature and humidity affect storage proper-
ties of NR, but also coagulation methods can affect storage
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properties of NR. Different coagulation methods influence
the content of non-rubber components. Non-rubber com-
ponents (such as proteins, lipids, and metal ions) play an
important role on structures which then affect storage prop-
erties. The PRI, Mooney viscosity, and green strength of NR
are higher than NR-Salt and NR-Acid. Mooney viscosity
and green strength of NR-Salt and NR-Acid showed a ten-
dency for increase in the early stage, and before decreasing.
In totally, the research provides a clearer understanding on
the storage and processing of NR.
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